Analogical reasoning consists of multiple phases. Four-term analogies (A:B::C:D) have an encoding period in which the A:B pair is evaluated prior to a mapping phase. The electrophysiological timing associated with analogical reasoning has remained unclear. We used event-related potentials to identify neural timing related to analogical reasoning relative to perceptual and semantic control conditions. Spatiotemporal principal-components analyses revealed differences primarily in left frontal electrodes during encoding and mapping phases of analogies relative to the other conditions. The timing of the activity differed depending upon the phase of the problem. During the encoding of A:B terms, analogies elicited a positive deflection compared to the control conditions between 400 and 1,200 ms, but for the mapping phase analogical processing elicited a negative deflection that occurred earlier and for a shorter time period, between 350 and 625 ms. These results provide neural and behavioral evidence that 4-term analogy problems involve a highly active evaluation phase of the A:B pair.
Reasoning by analogy enables novel inferences about situations based on previously encountered situations. The guiding factor in forming analogies is relational similarity, in which a relation or system of relations maps from a source to a target analog (Gentner, 1983) . Cognitive neuroscience research on analogical processing has largely focused on which areas of the brain are most involved in identifying analogies, with the prefrontal cortex (PFC) emerging as one of the primary areas. Studies of individuals with frontal impairments from dementia (Krawczyk et al., 2008; Morrison et al., 2004) or traumatic brain injuries (Krawczyk, Hanten, et al., 2010) indicated performance deficits in picture and verbal analogy tasks. Functional MRI evidence from Bunge, Wedelken, Badre, and Wagner (2005) and the work of Green and colleagues (Green, Fugelsang, Kraemer, Shamosh, & Dunbar, 2006; Green, Kraemer, Fugelsang, Gray, & Dunbar, 2010) has linked the left anterior PFC with semantic relational integration. Green et al. (2010) further linked the left anterior PFC with processing remotely associated analogical concepts.
A limitation of most neuroimaging studies is that analogy problems were presented in one temporal period. Such designs yield one averaged measure extended across the trial duration and do not enable dissociations of separable phases of analogical processing. These separable phases have been investigated in behavioral studies (e.g., Sternberg, 1977) . Krawczyk, McClelland, Donovan, Tillman, and Maguire (2010) compared analogical processing to control conditions that emphasized semantic and perceptual representations during analogical encoding, mapping, and response phases. The analogy condition resulted in the most accurate performance and the lowest response times, consistent with extensive relational processing having been carried out within the first two phases of the task (relational encoding and mapping). The analogy condition resulted in greater encoding-related activation in leftlateralized PFC. The left inferior frontal gyrus also responded with greater activation in the mapping/inference phase relative to the other conditions, consistent with a greater role in analogical retrieval of an appropriate candidate match for the fourth term.
No previous event-related potential (ERP) studies have investigated analogical reasoning with semantically meaningful problems (but see Qiu, Li, Chen, & Zhang, 2008 , for an ERP study with letter-string analogy problems). To better understand cognitive and electrophysiological timing in analogical reasoning, we obtained data during three time phases with ERP across three experimental conditions. The phasewise presentation of items allows us to validate this paradigm with the known N300/N400 component. In particular, when a picture is conceptually incongruent based on the previous information, an N300/N400 is expected to occur over frontocentral areas between 250 and 500 ms after the onset of a picture (Hamm, Johnson, & Kirk, 2002; Kutas & Federmeier, 2011; McPherson & Holcomb, 1999) . We predicted that analogical, semantic, and perceptual comparison conditions would elicit an N300/N400 response for false items compared to response items.
In addition, we predicted that there would be differences between the control conditions and the analogical condition for both the encoding phase and the mapping phase. In accord with the findings of Qiu et al. (2008) , the encoding phase (A:B) was predicted to elicit a positive deflection between 600 and 1,000 ms for analogies compared to the control conditions, as this component was interpreted to be a marker of relational encoding. Based on our prior fMRI study (Krawczyk, McClelland, et al., 2010) , differences between the analogical condition and the control conditions were predicted to occur over a longer period of time in the encoding phase than the mapping phase.
Method Participants
Participants were 20 right-handed, native English speakers (ages 18 to 30) with normal or corrected vision, with at least 1 year of college education. Participants were screened, to be free from significant neurological issues. Exclusion criteria also included use of alcohol or other controlled substances within 24 hr of EEG administration and prescription medication use. Three of the 20 participants were removed due to excess noise in the data, leaving 17 participants for analysis.
Materials, Design, and Procedure
Following the procedure of Krawczyk, Hanten, et al. (2010) , all participants completed 48 four-term analogy problems (24 correct, 24 incorrect) each presented in three phases: encoding (A:B), mapping (C), and response (D). As with the analogy condition, the control conditions each included 48 items (24 correct and 24 incorrect). Refer to Table 1 for verbal descriptions of stimuli. All conditions were run within subjects and were organized by blocks. Each block contained only one type of problem, and block order was counterbalanced across participants. During the analogies encoding phase, images A and B were presented simultaneously (e.g., spyglass: ship) with a vertical line between them for 2 s. After a 1-s fixation (ϩ), the mapping phase revealed the C item presented alone as the focal point for 3 s (e.g., periscope). After another 1-s fixation (ϩ), the response phase revealed the correct target D item (e.g., submarine) or a false item that did not complete the analogy, centered on the screen for 2 s. Thus, each trial lasted 9 s in total. Participants were instructed to identify whether or not C:D accurately instantiated the same relationship as the A:B comparison. Figure 1 shows examples of the experimental stimuli, with the example showing an analogy between hockey stick and hockey puck and tennis racket and tennis ball. False analogies simply presented a fourth term that would not complete the analogy, such as an airplane in the tennis example from Figure 1.
Semantic and perceptual control conditions were included within subjects. There is no single optimal control condition for analogical reasoning tasks, due in part to the numerous cognitive subprocesses likely to be involved. Based on previous designs (Krawczyk et al., 2008 (Krawczyk et al., , 2010 , two types of control conditions (refer to Figure 1 ) were used: a semantic evaluation condition (lacking relational comparisons) and a perceptual evaluation (lacking semantic or relational comparisons). All three conditions were equivalent with regard to visual stimulation, presentation time, trial number, and temporal duration. The semantic and perceptual conditions consisted of this same phase, with identical visual and temporal aspects of the task but lacking the key instruction to encode the relation between the A and B terms (see Table 1 ). In this phase, the semantic and perceptual conditions required participants to passively view the stimuli, a common baseline control condition that has been previously employed in ERP and fMRI studies of working memory and attention (Gazzaley, Cooney, McEvoy, Knight, & D'Esposito, 2005; Gazzaley, Cooney, Rissman, & D'Esposito, 2005; Krawczyk, Gazzaley, & D'Esposito, 2007; Rutman, Clapp, Chadick, & Gazzaley, 2010) . In the mapping and response phases, all three conditions required an inference about what might be related to the C term. Full experimental stimuli are available upon request from the corresponding author.
In the semantic condition, participants evaluated whether the C:D relationship depicted any type of semantic association. In the perceptual condition, participants evaluated whether the C:D relationship depicted items that were globally similar in terms of shape. The A, B, and C items were the same across conditions. The D item varied depending on the task. Half of the participants provided the "match" response with their left hand and half provided it with their right to avoid any motor-induced laterality effects. Note that only the analogical condition required a relational comparison at the first phase and that the discovered relation be maintained into the second phase of the task. The relational comparisons, however, may occur automatically in the other conditions; however, as they were not explicitly required in the in- structions this was less likely and therefore unlikely to negatively influence our results. Participants were tested individually, seated a comfortable distance from a computer screen and fitted with a 64-electrode Neuroscan Quick-cap. Instructions were explained by an experimenter and were followed by a written explanation presented before each task.
Results

Behavioral Results
Error rates.
A repeated-measures analysis of variance (ANOVA) performed on error rates for the analogy, semantic, and perceptual tasks revealed a significant effect, F(2, 16) ϭ 21.03, p Ͻ .001. Contrast analyses revealed that this was driven by participants committing more errors in the perceptual condition (M ϭ 19%, SD ϭ 10%) than in the semantic (M ϭ 8%, SD ϭ 5%) or analogy conditions (M ϭ 5%, SD ϭ 6%), all ps Ͻ .05.
Reaction times. A repeated-measures ANOVA performed on reaction times for the analogy, semantic, and perceptual tasks revealed a significant effect, F(2, 16) ϭ 10.98, p Ͻ .001. Contrast analyses revealed that this was driven by faster reaction times for the analogy condition (M ϭ 1,060 ms, SD ϭ 243) than for the semantic (M ϭ 1,241 ms, SD ϭ 315) or perceptual conditions (M ϭ 1,240 ms, SD ϭ 258), all ps Ͻ .05. Figure 1 . Stimulus examples. In the analogy condition, the A:B items (hockey stick and hockey puck in the example) appeared for 2 s, followed by the C term (tennis racket) for 3 s, and last a response period lasting 2 s, during which participants responded with a button press indicating if the fourth term (tennis ball) fit the analogy. In the semantic condition, the A:B items (doe and buck) were passively viewed before a C term (elephant) appeared. Last, the D term (peanut) was evaluated as to whether it was a close semantic match to the C term. The perceptual condition was identical to the semantic condition, only the D term (pizza slice) was judged as to whether it looked visually similar to the C term (cake slice). ERPs N300/N400 response. The 2 (condition: false or target) ϫ 3 (study: analogy, semantic, or perceptual) repeated-measures ANOVA on the amplitude of the N300/N400 response resulted in a main effect of condition, F(2, 16) ϭ 4.68, p Ͻ .05, with no other interactions or main effects (see Figure 2) . The 2 (condition: false or target) ϫ 3 (study: analogy, semantic, or perceptual) repeatedmeasures ANOVA on the latency of the N300/N400 response revealed no significant differences.
Principal-components analysis (PCA) encoding phase. The PCA was followed by an ANOVA applied to the three conditions of interest. Based on the ANOVAs, differences between the three conditions accounted for a significant amount of the variance in two instances. Both effects were in one spatial factor accounting for 9% of the spatial variance in left frontal electrodes. The first temporal effect started around 500 ms and continued through the end of the epoch at 1,200 ms, accounting for 63% of the temporal variance within the left frontal factor, F(2, 16) ϭ 7.30, p Ͻ .01. The second temporal factor occurred between 400 and 1,000 ms and peaked around 750 ms, accounting for 7% of the temporal variance within the factor, F(2, 16) ϭ 5.22, p Ͻ .02. Direct comparisons between each of the conditions were made to identify which differences were driving these effects.
The spatiotemporal PCA followed by ANOVA was first applied to identify differences between the analogy and perceptual tasks. This identified one significant factor that was spatially distributed over the left frontal areas and that temporally occurred from 500 ms through the length of the epoch, F(1, 16) ϭ 5.37, p Ͻ .03. This factor accounted for 8.67% of the total spatial variance and 6% of the temporal variance within that spatial factor. As shown in Figure 3a , this accounts for the first factor identified in the omnibus test above. Figure 3b includes the grand average ERPs of a representative electrode corresponding to the topographical distribution of this effect.
The spatiotemporal PCA ANOVA directly comparing the encoding phases of analogies to semantic processes revealed no significant effects at p ϭ .05; however, the one result that approached significance accounted for the second significant effect in the omnibus test, F(1, 16) ϭ 3.96, p ϭ .056. This effect was observed over the left hemisphere electrodes between 400 and 1,200 ms and peaked at 750 ms. It accounted for 9% of the spatial variance and 64% of the temporal variance within the spatial factor. Figure 3c includes the grand average ERPs for analogies and semantic processes related to this effect. No significant effects were found in comparing semantic and perceptual processing during the encoding phase.
PCA mapping phase. The PCA followed by ANOVA was applied to the three conditions of interest, revealing three significant effects. The first two fall within a spatial factor over posterior areas that accounted for 57% of the spatial variance. The first significant temporal factor occurred between 800 and 1,200 ms, peaking around 900 ms, F(2, 16) ϭ 4.33, p ϭ .022, and the second significant temporal factor occurred between 125 and 250 ms, peaking around 175 ms, F(2, 16) ϭ 3.92, p ϭ .03. These factors accounted for 2% and 1% of spatial variance within this temporal factor, respectively. The third significant effect accounted for 4% of the total spatial variance and 43% of the temporal variance within this spatial factor. This effect was topographically centered over left hemisphere electrodes and occurred between 350 and 625 ms, peaking around 500 ms, F(2, 16) ϭ 3.68, p ϭ .036.
To identify differences driving these findings, we made direct comparisons between conditions. In comparing the analogical and perceptual tasks for the mapping phase, the PCA ANOVA revealed two significant spatiotemporal factors, both depicted in Figure 4a .The first effect occurred over posterior electrodes and included two periods of time, one around 125 and 250 ms and with a smaller effect between 700 and 900 ms, F(1, 16) ϭ 5.85, p Ͻ .03. This effect accounted for 51% of the spatial variability and 2% of the temporal variability within that effect. Together these two peaks accounted for the two posterior effects identified in the omnibus test above. Figure 4b depicts the ERPs related to this effect.
The second spatiotemporal factor that involved differences between the analogical and perceptual mapping processes occurred between 400 and 600 ms over the left frontal electrodes and accounted for 4% of the spatial variance and 2% of the temporal variance within this spatial factor, F(1, 16) ϭ 4.79, p Ͻ .04. Figure 4b depicts the grand average ERPs for the analogical and perceptual mapping processes recorded from the left frontal electrodes. There were no significant effects found when comparing analogies to semantic or semantic to perceptual processes.
PCA response phase. The analyses revealed no significant differences between our conditions of interest in the response phase.
Discussion
The behavioral results were similar to those reported by Krawczyk, Hanten, et al. (2010) , in that participants were faster and more accurate when responding in the analogical conditions than in the semantic and perceptual conditions. This suggests that by the time the last item is revealed, participants in the analogy condition already had a strong expectation of the expected target item. For the control conditions, there are many potential correct target answers, so that the bulk of the processing related to identifying the relationship between the items occurred during the response phase.
The ERP data revealed that the N300/N400 peak for target matches compared to false matches was elicited by all three tasks, with no significant amplitude or latency differences between them. These data indicate that the N300/N400 can be elicited by semantic analogies, but in the current analysis it did not differentiate analogies from the control conditions in the response stage. The PCA revealed differences between the three conditions during the encoding and mapping phases, primarily in the left frontal elec- trodes. In particular, during the encoding phase, analogical problems elicited a positive deflection in the ERP compared to control conditions. Compared to the perceptual control task, this difference started around 400 ms and continued through the length of the epoch. In comparison the semantic control task, the difference was somewhat shorter, peaking at 750 ms. During the mapping phase, compared to the perceptual control, the analogies elicit a negative deflection that is earlier and shorter, occurring between about 200 and 600 ms after stimulus display.
Together these differences replicate and expand on our understanding of the temporal aspects of analogical processing. In particular, there are important similarities and differences between the current findings and those of Qiu et al. (2008) . Although there are marked differences between that study and the current study, it is the only other investigation of analogies using ERPs and, thus, the most reasonable comparison. In that study, Qiu et al. compared two-phase letter string analogies of differing levels of difficulty and reported a positive deflection in the ERP between 600 and 1,000 ms (P600 -1000) for difficult analogies compared to easy analogies during the encoding phase and a negative deflection for both easy and difficult analogies occurring earlier and for a shorter period of time, between 400 and 600 ms, during their mapping/ response phase. Qiu et al. localized both of these effects to left frontal areas. The encoding differences reported by Qiu et al. were attributed to schema abstraction and lasted until about 1,000 ms. In the current study, differences between analogies and the controls in encoding continued throughout the length of the epoch. Although the temporal differences may continue beyond 1,200 ms, the data became too variable after that time point for an accurate PCA across participants. Future work should further investigate the how long such differences continue, particularly with comparisons between semantic and nonsemantic materials.
The current findings support the fMRI results of Krawczyk, McClelland, et al. (2010) indicating that a large degree of cogni- Representative ERP corresponding to PCA effects in encoding. The figure depicts both the analogies-perceptual difference occurring in spatial factor 1 (left frontal) temporal factor 3 (600 -1,200 ms) and the analogies-semantic difference occurring in spatial factor 1 (left frontal) temporal factor 1 (400 -1,000 ms). ERP ϭ event-related potential; PCA ϭ principal-components analysis.
tive processing in four-term analogies occurs during the encoding phase, with a similar but temporally shorter engagement during the mapping phase. Although we did not perform source localization on these signals, their topographical distribution matches previous fMRI findings with a similar paradigm (Krawczyk, McClelland, et al., 2010) and those of the previous ERP study that was localized to left frontal areas (Qiu et al., 2008) . The mapping phase also elicited an early posterior difference between analogical and perceptual processes, which may be related to accessing semantic relational knowledge or to evaluating other perceptual aspects of the problems (as they were presented in picture format).
These findings support the hypothesis that relational encoding is a cognitively intense phase. An important issue in interpreting these data includes whether the encoding-related ERPs were related to working memory storage for the first relation or induction of the first relation. Qiu et al. (2008) attributed some degree of memory processes to the N400 -600 component identified in the mapping/response phase. The current data exhibit a similar response, but there is no way to differentiate memory from induction in our present design. It will be useful to further investigate these processes in future work. An additional point to note is that the mapping phase may appear to have been easier to accomplish for analogies over perceptual and semantic control conditions; however, the ERPs associated with analogical mapping suggest that this process and applying information from working memory (stored at encoding) are unique events relative to the control conditions, which included inferences only.
One of the key aspects of success in drawing an analogy is setting up the relational structure. When the appropriate relational basis has been identified, the reasoner may then map the analogy. This appears to be a relatively efficient process relative to the initial identification and encoding of the first relation. Relevant to the neural basis of analogy, ERP activity is important in establishing the correct initial relational representation between the first two elements of the problem, and this activity occurs between 400 to 1,200 ms after the items have been revealed. This is followed by more rapid and punctate activity, occurring between 200 and 600 ms, that is involved in mapping analogies.
Details of EEG Preprocessing and Analysis
EEG Preprocessing
Poorly functioning electrodes were identified visually and removed. Time segments containing significant muscle artifacts or eye movements were rejected, and any potential eye blink artifacts were accounted for using a spatial filtering algorithm (Neuroscan Edit software, Compumedics, Inc.). Next, the continuous EEG was low-pass filtered at 30 Hz.
The data were rereferenced offline to the average reference, which estimates the voltage relative to infinity (Nunez, 1981) . In order to determine the electrode locations, we placed the electrode cap on a phantom head and manually digitized electrode positions (Polhemus, Inc.). We then calculated a spline-based average reference (Ferree, 2006) based upon spherical splines (Perrin, Pernier, Betrand, & Echallier, 1989) . The spline-average reference accomplished two goals. The first goal was to interpolate a small number of missing or bad electrodes, which then yielded a total of 62 data channels in every participant. The validity of the interpolation was supported theoretically for 64 or more electrodes (Srinivasan, Tucker, & Murias, 1998) and was confirmed empirically in our lab by removing random (good) electrodes and comparing the interpolated data with the original (good) data. This was important for both the N300/N400 analysis and the PCA. The second purpose of the spline-average reference was to perform the PCA. The objective of the PCA was to identify the topographical and spatial distribution of analogical processing compared to control conditions. Although the differences between the spline-average reference and average reference are relatively small, the spline average more accurately identifies the variance provided by the individual electrodes and, as such, provides a better estimate of the topography of a given effect (Ferree, 2006) . This is because it reduces a slight bias that occurs due to the electrode cap not completely covering the head (Junghöfer, Ebert, Tucker, & Braun, 1999) . As a result, the N300/N400 analysis is based on data rereferenced to the average, which allows us to compare our findings to previous research regarding the topography and timing of the N300/N400 effect (e.g., Hamm et al., 2002) . The PCA is based on the splineaverage reference to provide a more accurate measure of the topography of any differences that are identified.
After preprocessing, the data were sorted by stimulus type for each of the phases of cognitive processing. Each epoch spanned from Ϫ100 ms prior to the onset of the second word to 1,200 ms after word onset. For each trial and electrode, the mean amplitude of the prestimulus interval (-100 ms to 0 ms) was subtracted from each time point in the poststimulus interval in order to correct for any baseline drift. The baseline-corrected single trials were averaged within conditions to estimate the ERP in each participant and condition.
N300/N400 Analysis
The goal of the N300/N400 analysis was to determine if the task elicited known ERP differences related to identifying the response item as congruent or incongruent with the picture presented in the mapping phase. The amplitude of the N300/N400 was calculated as the mean amplitude between 250 and 500 ms over frontocentral electrodes (FCz, Fz, Cz, FPz) for each condition for each participant. This was then subjected to a 2 (condition: match or mismatch) ϫ 3 (task: analogy, semantic, or perceptual) repeatedmeasures ANOVA. The latency of the N300/N400 was identified as the time point corresponding to the most negative peak between 250 and 500 ms over frontocentral electrodes (FCz, Fz, Cz, FPz) for each condition for each participant. This was also subjected to a 2 (condition: match or mismatch) ϫ 3 (task: analogy, semantic, or perceptual) repeated-measures ANOVA.
PCA
One of our goals in the current study was to identify the temporal aspects associated with previously identified neuronal processes for completing analogies using fMRI (Krawczyk, McClelland, et al., 2010) . Qiu et al. (2008) identified a positive component between 600 and 1,000 ms during the encoding of difficult analogies compared to easy analogies and a second component during the mapping/response phase for both types of analogy compared to a baseline task. The data were submitted to a two-step analysis procedure including spatiotemporal principalcomponents analyses followed by ANOVAs. The PCA provides a more objective and precise way of uncovering unknown sources of covariance in novel tasks than with the unaided eye because it can be used to identify major sources of covariance that are characteristic of ERP components (Dien & Frishkoff, 2005; Donchin & Coles, 1991) . In this way, the PCA allows us to identify the topographic and temporal differences between analogical, semantic, and perceptual processes associated with the three phases of the task without a priori expectations. In this study we were interested in identifying temporal differences in processing. As a result, we used a spatiotemporal PCA as opposed to temporospatial PCA, as this sequence of analyses provides a more accurate measure of temporal differences (Dien & Frishkoff, 2005; Dien, Spencer, & Donchin, 2004) . This was followed by ANOVAs and post hoc analyses to determine whether variability identified by the PCA occurred systematically in relation to the study variables.
(Appendix continues)
The technique for applying PCA to reduce EEG and ERP data follows a large body of previous work (e.g., Dien, 1998; Maguire, Brier, & Ferree, 2010; Spencer, Dien, & Donchin, 1999; Spencer, Dien, & Donchin, 2001 ). The ERP data span space, time, task condition, and participants. When the spatial PCA is conducted first, this four-way array is arranged into a two-way matrix with electrodes along the columns and time points, conditions, and participants concatenated down the rows. The PCA based upon this matrix yields eigenvectors (loadings) corresponding to spatial maps. For each component retained, the corresponding left eigenvector (score) was reshaped into a two-way matrix with time points along the columns and conditions and participants concatenated down the rows. The PCA based upon this matrix yields eigenvectors corresponding to event-related time series for each spatial factor. In order to determine which components were different between task conditions, we entered the resulting factor scores into a mixed-effects ANOVA treating participants as the random effect. Surviving components revealed the spatial and temporal patterns of neural processes that were different between conditions of interest. For each comparison of interest, the ERP data submitted to the PCA consisted of trial averages at each of the electrode sites (62 electrodes) at each time point of interest (0 -1,200 ms) for each condition of interest from each participant.
